Neutralizing monoclonal antibodies (MAbs) are increasingly being considered for blunting human viral infections. However, whether they can also exert indirect effects on endogenous antiviral immune responses has been essentially overlooked. We have recently shown that a short (several-day) period of immunotherapy with the neutralizing 667 MAb of mouse neonates shortly after infection with the lethal FrCas E retrovirus not only has an immediate effect on the viral load but also permits an endogenous antiviral immunity to emerge. Even though passive immunotherapy was administered during the particular period of immunocompetence acquisition, the endogenous response eventually arising was protective and persisted long (>1 year) after the MAb has disappeared. As very high levels of anti-FrCas E antibodies, predominantly of the immunoglobulin G2a (IgG2a) isotype and showing strong neutralization activity, were found in the sera of MAb-treated mice, it was necessary to address whether this humoral immunity was sufficient on its own to confer full protection against
man HBV (22) , HCV (23, 49) , and HIV (4, 39, 54) infections that figure among the heaviest health burdens worldwide.
To date, antiviral MAbs have essentially been considered for the direct neutralization of viruses to prevent their propagation in infected individuals. However, owing to their effector functions, they can also interact with various components of the immune system, which may provide them with the possibility of affecting endogenous antiviral responses. Indeed, virus-antibody immune complexes may be more readily (or at least differently) taken up by professional antigen-presenting cells than antibody-free virus particles. Should such viral immune complexes help patients mount their own antiviral responses, this may potentially open novel therapeutic perspectives for the treatment of viral diseases. As it is easier to elucidate such fundamental concepts in immunovirology by use of immunocompetent mice than by use of primates, including humans, we recently turned to the ecotropic murine FrCas E infection model (47) to address this point and determine whether shortperiod MAb-based immunotherapies could favor the emergence of long-term endogenous protective antiviral responses. Upon the inoculation of newborn animals younger than 5 or 6 days of age with a high inoculum (5 ϫ 10 4 PFU/ml), FrCas E first propagates in peripheral lymphoid organs and then penetrates into the central nervous system (CNS). There, it causes a rapid noninflammatory spongiform degenerative disease pri-marily involving the motor centers of the brain and the spinal cord (12, 35, 36) . This leads to the death of all mice within 1 to 2 months. In contrast, the animals infected at a later age do not develop any neurological illness due to the inability of FrCas E to penetrate the CNS after postnatal day 8. Instead, the virus replicates only in the periphery, where it induces splenomegaly and leukemia within 3 to 6 months postinfection (our unpublished observations). 667 is an in vitro neutralizing immunoglobulin G2a/K (IgG2a/⌲) MAb directed to FrCas E envelope glycoprotein (Env) (37, 45) , where it recognizes one of the viral receptor attachment domains (15) . It also displays a strong in vivo antiviral activity in passive immunotherapy experiments (24, 25, 44) . When newborn viremic mice are briefly treated (Ͼ15 days) by 667 shortly after infection (Ͻ2 days postinfection), all the animals survive and show signs neither of neurodegeneration nor of leukemia for at least 16 months (end of the experiments) (24) . This effect is due not only to an immediate effect on the viral load preventing brain infection but also to the development of a strong protective immune response that is capable of (i) containing viral replication following 667 clearance (which takes approximately 2 weeks) and (ii) conferring on the mice the ability to resist a viral challenge performed 14 months after the primary infection (24) . A particularly high and sustained anti-FrCas E humoral response, predominantly of the IgG2a type and showing both in vitro neutralizing antibodies and complement-mediated cell lysis activity, is observed for FrCas E -infected, 667 MAb-treated animals (24, 25) . Moreover, maternal transmission to infected neonates of the endogenous anti-FrCas E antibodies appearing after 667 MAb treatment can also favor the mounting of an endogenous anti-FrCas E protective immunity (25) . This shows that the latter effect is not restricted to the 667 MAb. Importantly also, the mounting of such an antiviral immune response following short-period immunotherapies may not be a property of the FrCas E model system only. For example, the intensive treatment of juvenile simian immunodeficiency virus-infected macaques with anti-simian immunodeficiency virus hyperimmune serum Igs accelerated the appearance of neutralizing antibodies, as assayed in vitro, in a fraction of the animals (26) . Interestingly, this correlated with a delayed onset of the disease in some monkeys (26) .
There is strong evidence that cell-mediated immunity is crucial for the control of established chronic infections, such as those by cytomegalovirus (34), Epstein-Barr virus (7), HCV (40), HBV (6), HIV (42) , and the Friend retroviral complex (FV) (14, 29) . In many of these infections, virus containment is most often associated with Th1-type T-helper-cell responses, which are classically characterized by the presence of both antiviral cytotoxic T lymphocytes (CTLs) and IgG2a antibodies (1) . Strikingly, anti-FrCas E antibodies found in FrCas E -infected, 667-treated mice are predominantly of this isotype (24, 25) . Moreover, in the context of passive MAb-based immunotherapies reminiscent of those in our study but conducted in adult mice, both CD4 ϩ and CD8 ϩ T-lymphocyte contributions are also required for protection against FV-induced erythroleukemia even in the presence of the therapeutic antibody (27) (see Discussion). Taken together, these observations raised the possibility that protection was not conferred just by high titers of neutralizing anti-FrCas E antibodies (24, 25) in FrCas E -infected, 667 MAb-treated mice but rather by a multipronged immune response. We therefore addressed here whether FrCas E -infected mice receiving the 667 immunotherapy during the neonatal period, a period critical for immune system development and immunocompetence acquisition, also developed a CTL response necessary for long-term antiviral protection.
MATERIALS AND METHODS
MAbs, viral stocks, and virus assay. The 667 anti-FrCas E Env (37) and the 169.4 anti-CD8 MAb (9) were purified from hybridoma cell culture supernatants and assayed by enzyme-linked immunosorbent assay (ELISA) as previously described (15) . Culture supernatants of Mus dunni fibroblasts transfected with the FrCas E proviral clone (47) were used as viral stocks (44) . Viral titers of culture supernatants or of blood samples were determined using a focal immunofluorescence assay (51) . Briefly, dilutions of virus-containing samples were added to 25%-confluent Mus dunni cell cultures in the presence of 8 g/ml of Polybrene. Cell-to-cell spread of replication-competent retroviruses was allowed to proceed for 2 days, and focus-forming units (FFU) were visualized by indirect immunofluorescence using the 667 MAb and fluorescein isothiocyanate-conjugated rabbit anti-mouse Ig antiserum.
Viral infection and follow-up of mice. Inbred 129/Ev mice (H-2 b haplotype) were used in this study. Three-day-old pups were infected using 100 l of a virus suspension containing 5 ϫ 10 5 FFU/ml as previously described (24, 44) . Mice were examined daily for clinical signs of neurodegeneration (reduced weight, ataxia, hind-limb paralysis). Erythroleukemia was assayed by measuring reduction in hematocrit, which is associated with anemia (52), and spleen swelling by direct abdominal palpation and by examination of spleens once animals were sacrificed. Mice were bled at the retro-orbital sinus in order to assay viremia and anti-FrCas E serum Ig concentration. After clotting at room temperature for 15 min, blood samples were centrifuged at 6,000 ϫ g for 15 min and serum aliquots were stored at Ϫ20°C until use. For viral challenge experiments, mice were injected intravenously with 300 l of FrCas E suspension containing 5 ϫ 10 5 FFU/ml. ELISA of anti-FrCas E antibodies. Anti-FrCas E serum antibodies were assayed as described previously (24, 44) . Both the 667 MAb used for the standard curve and serum samples were diluted in phosphate-buffered saline (PBS) (0.15 M NaCl, 0.01 M Na phosphate, pH 7) containing 0.1% Tween plus 1% bovine serum albumin. A peroxidase-conjugated anti-mouse IgG ␥-chain rabbit antiserum (Sigma) was used as the secondary antibody.
Preparation of splenocytes. After the sacrifice of mice, spleens were excised and dissociated by repeated pipetting in RPMI 1640 culture medium (2 ml per spleen). Then, dissociated cells were centrifuged and resuspended in the ACK lysis buffer (2 ml per spleen) from Biowhittaker followed by incubation at room temperature for 3 min. Finally, white blood cells were recovered by centrifugation and either washed twice in PBS for flow cytometry analysis or resuspended in RPMI 1640 medium (Sigma) containing 10% fetal calf serum for use as target cells in cytotoxicity experiments.
In vivo depletion of CD8 ؉ T cells. To deplete CD8 ϩ T cells in vivo, 50 g of the 169.4 anti-CD8 MAb (9, 28), home-purified from hybridoma cell culture supernatants contained in 0.5 ml of PBS, was administered intraperitoneally to mice twice a week for the periods indicated in the text. CD8 ϩ T-cell depletion efficiency during the 169.4 MAb treatment and CD8 ϩ cell replenishment after termination of the treatment were analyzed by flow cytometry of spleen cells from sacrificed animals (i) 2 weeks after the first injection, (ii) at the end of the depletion period, and (iii) at the end of the experiment. The percentages of CD8 ϩ and CD4 ϩ T-cell depletion in 169.4 MAb-treated mice were calculated in comparison to the fractions of CD8 ϩ and CD4 ϩ cells in spleens from control mice that were not treated with the 169.4 MAb.
In vivo cytotoxicity assays. Depending on the adoptive transfer experiments, spleens were recovered from 10-day-old 129/Ev neonates that were either noninfected or Fr-Cas E infected on day 3 after birth, as previous kinetic infection experiments had shown that the fraction of infected splenocytes is maximal at 7 days postinfection (24) . Red blood cell-free splenocytes were prepared as described above and resuspended in RPMI 1640 medium containing 10% fetal calf serum. In experiments whose results are shown below (see Fig. 3 ), splenocytes from control 15-day-old noninfected mice were labeled with carboxyfluorescein succinimidyl ester (CFSE; Molecular Probes) at a concentration of 0.5 M in 1 ml of PBS (CFSE low cells) at 37°C for 10 min, whereas splenocytes from 15-dayold mice infected on day 3 after birth were labeled in parallel in a 5 M CFSE solution under the same conditions (CFSE high cells). In these experiments, CFSE low cells were used as a reference to estimate spontaneous cell death, whereas the lysis of CFSE high cells was used to measure specific cytotoxic activity. After labeling, cells were washed in ice-cold PBS, centrifuged, resuspended in PBS, counted, and mixed in a 1:1 ratio. One hundred fifty microliters of the mix containing 1 ϫ 10 7 cells was injected intravenously into each recipient 129/Ev mouse. An aliquot of the mix was analyzed by flow cytometry to quantify the exact proportion of CFSE low versus CFSE high cells before adoptive transfer. Sixteen hours after mice received CFSE-labeled cells by intravenous injection in the tail vein, their spleens were excised and splenocytes were prepared as described above for flow cytometry analysis of CFSE low versus CFSE high cells. The cytotoxic activity against infected splenocytes was calculated from the ratio of CFSE high /CFSE low cells 16 h after transfer corrected by the CFSE high /CFSE low ratio assayed before grafting cells into recipient mice. In further experiments whose results are shown below (see Fig. 4 ), splenocytes prepared from naive mice were pulsed with either the GagL (8) (specific CTL target cells) or the np396-404 control peptide derived from lymphocytic choriomeningitis virus (LCMV) nucleoprotein (NP) (21) (control cells allowing the measurement of spontaneous cell death) at 37°C for 1 h. Peptides were used at a concentration of 1 g/ml. After being washed in PBS to eliminate excess peptide, splenocytes loaded with the GagL and np396-404 peptides were labeled with 5 M CFSE (CFSE high cells) and 0.5 M CFSE (CFSE low cells), respectively, at 37°C for 10 min in PBS. Cells were then washed again in ice-cold PBS and resuspended in PBS for adoptive transfer. After being counted, they were mixed in a 1:1 ratio. An aliquot was analyzed by flow cytometry to determine the exact CFSE low / CFSE high cell ratio. Cells (10 7 in 0.2 ml of PBS) of this mixture were injected intravenously in each recipient 129/Ev mouse. Sixteen hours later, mice were sacrificed for flow cytometry quantification of splenic CFSE low and CFSE high cells. The CTL activity against GagL-loaded splenocytes was calculated from the ratio of CFSE high /CFSE low cells 16 h after adoptive transfer corrected by the CFSE high /CFSE low ratio assayed before grafting cells into the recipient mice.
Flow cytometry analysis. For quantification of CD4
ϩ and CD8 ϩ splenocytes ( Fig. 1 ), cells were labeled with 1/500 dilutions of the anti-CD8 ␣-fluorescein isothiocyanate and anti CD4-PE antibodies from BD PharMingen in PBS containing 0.1% bovine serum albumin. The incubation was at 4°C for 30 min. Then, splenocytes were washed once in PBS and analyzed with a FACSCalibur flow cytometer using the CELLQuest software. For the quantification of the ratio of CFSE low to CFSE high cells (see Fig. 3 and 4 below), splenocytes were simply washed and resuspended in PBS before flow cytometry analysis.
RESULTS

CD8
؉ cell depletion in young FrCas E -infected, 667-treated animals leads to the development of leukemia. Neonatal T cells can develop into effector CD8
ϩ CTLs, even though significant quantitative and qualitative differences distinguish them from their adult counterparts (2) . We therefore began our study by addressing whether CD8 ϩ cells may contribute to protection against FrCas E -induced retroviral diseases in young infected 667-treated animals by ablating them through injection of an anti-CD8 MAb (169.4) (9, 28) during the period immediately following infection and immunotherapy. The following four different groups of 12 mice each were followed up (24, 25) .: FrCas E was inoculated on day 3 after birth and 667 was administered first 1 hour later, a time sufficient to allow infection to proceed, and then another two times on days 5 and 8 after birth (Fig. 1A) . As the present study required mouse-to-mouse cell transfer (see below), we had to resort to inbred animals instead of the outbred Swiss Webster mice used in our previous studies (24, 25) . 129/Ev (H-2 b ) mice were selected, as after neonatal infection, they turned out to behave like Swiss Webster mice in 667-based immunotherapy experiments (not shown).
The 169.4 MAb treatment lasted from day 5 to day 28 after birth ( Fig. 1A) , i.e., it began during the neonatal period (ending with weaning by day 18 to 20 after birth for 129/Ev mice) and ended just before sexual maturity (occurring by day 28 to 30 after birth for 129/Ev mice). As shown in Fig. 1B , this period is characterized by an intense development of the mouse immune system with a steady accumulation of CD4 ϩ and CD8 ϩ cells in the spleen. CD8 ϩ cell depletion was quick and efficient (98% reduction) for the duration of the treatment. Thereafter, partial replenishment of this cell compartment occurred with 40% recovery by week 13 (Fig. 1B) . The anti-CD8 MAb treatment depleted CD4 ϩ T lymphocytes by, at the very most, 3 to 6%, demonstrating the specificity of the effect (Fig. 1B) . Moreover, no particular pathological or behavioral manifestation was detected for control noninfected/nontreated/depleted mice for the 13 weeks of the follow-up, indicating the innocuousness of the CD8 ϩ cell depletion per se under the experimental conditions used. As expected, we observed the following results (Fig. 1C) . (i) All infected/nontreated/nondepleted mice died before week 5 postinfection after having shown the characteristic symptoms of the FrCas E -induced neurodegeneration (reduced weight, ataxia, and hind-limb paralysis were already detectable by day 17 postinfection) and high plasma viremia (10 5 to 10 6 FFU/ml from day 7 to death) quantified in focal immunofluorescence assays (see Materials and Methods). (ii) Infected/treated/nondepleted animals remained healthy with signs of neither neurodegeneration nor leukemia. Moreover, the latter animals showed no detectable viremia (limit of detection of 10 2 FFU/ml) for the 13 weeks of the experiment. In contrast, although all infected/treated/depleted mice were still alive by week 7 postinfection without displaying any neuropathological signs, they all began to develop leukemia thereafter and two-thirds of them were dead by week 13 (Fig. 1C) . In addition, the animals still alive at that time showed signs of severe and irreversible splenomegaly, which would have led to death within a few days. In these experiments, disease onset and progression were classically followed up by regular control of spleen swelling, easily detectable by abdominal palpation, and hematocrit, which decreased (by approximately 25%, when splenomegaly became detectable, to 60% of the normal red blood cell count at the time of death) due to erythroleukemia-associated anemia (52) . No viremia was detected for infected/treated/depleted animals after CD8 ϩ cell depletion was initiated. This excluded a dramatic viral rebound (not shown) while not ruling out the possibility of a residual production of viruses (possibly neutralized by circulating anti-FrCasE antibodies) below the detection threshold of the assay. Thus, starting the depletion of CD8 ϩ cells as early as 5 days after birth does not lead to neurodegeneration in infected/treated/depleted mice. However, the presence of CD8 ϩ cells during the first month after infection and MAb treatment are essential for preventing leukemia at a later stage. CD8 ؉ cells during adulthood are crucial for preventing FrCas E -induced leukemia. New infection/immunotherapy/depletion experiments were conducted to address whether CD8 ϩ cells contribute to the protection of FrCas E -infected and 667-treated mice during adulthood. The same four groups of animals as shown in Fig. 1A to C were considered, except that the treatment for CD8 ϩ cell depletion began on week 3 after birth and continued until week 8 (Fig. 1D) . As in the case of young animals, CD4 ϩ cells were weakly affected by the 169.4 MAb treatment (Fig. 1E) . In contrast, CD8
ϩ cell depletion was efficient (95% reduction by the end of the 169.4 MAb treatment) and was followed by a progressive and partial reconstitution, reaching 45% by week 16 postinfection (Fig. 1F) . Moreover, no particular pathological or behavioral manifestations were detected for control noninfected/nontreated/depleted mice. As expected, all infected/nontreated/nondepleted mice died within 5 weeks and all noninfected/nontreated/depleted and infected/treated/nondepleted animals remained healthy for the duration of the experiments, except for one mouse of the latter category, which died on week 6 for an unknown reason that involved neither neurodegeneration nor precocious leukemia (Fig. 1F) . In contrast, CD8
ϩ cell depletion led to the induction of leukemia in infected/treated/depleted mice as follows: (i) all of them showed a reduced hematocrit (30% of the normal red blood cell count) by week 6 after primary infection; (ii) most of them died between weeks 8 and 13 after primary infection; and (iii) the few animals still alive on week 16 (termination of the experiment) presented signs of severe and irreversible splenomegaly, which would have led to death within a few days (Fig.  1F) . Thus, CD8 ϩ cells are required during adulthood to prevent mice from developing leukemia.
The endogenous anti-FrCas E humoral response is higher in CD8 ؉ cell-depleted mice but is not sufficient for long-term antiviral protection. We next investigated whether the antiFrCas E humoral response could be significantly affected by CD8 ϩ cell depletion. As 667 MAb clearance from the plasma of young animals takes approximately 15 days after the end of the treatment (24, 25) , endogenous anti-FrCas E antibodies were assayed by ELISA at later time points for animals from the experiments described in the legend to Fig. 1 . In mice of Fig. 1A to C, no endogenous anti-FrCas E humoral response was seen for noninfected/nontreated/nondepleted controls ( Fig. 2A) . In contrast, such a response became detectable in infected/treated/nondepleted animals by week 4 postinfection and dramatically increased after week 6, whether CD8 ϩ cells were depleted or not ( Fig. 2A) . Strikingly, however, CD8 ϩ cell elimination resulted in a stronger humoral immune response, as anti-FrCas E antibodies were at least twice as abundant in infected/treated/depleted mice as in infected/treated/nondepleted animals. Our data were very similar for the mice used for Fig. 1D to F, as shown in Fig. 2B . Using the neutralization assay described in the work of Gros et al. (24) , we also showed that serum neutralization activities were comparable in infected/treated/depleted mice and in infected/treated/nondepleted animals on week 14 (not shown). Although we have no explanation for the fact that neutralization did not increase correlatively with antibody titers in infected/treated/nondepleted mice, these data ruled out that leukemia developing in these animals might be due to a loss in the antiviral activity of the anti-FrCasE humoral response in the absence of CD8 ϩ cells. In our previous work (24), we have shown that challenging infected/treated/nondepleted mice with FrCas E long after the 667 has disappeared induces a strong antiviral humoral memory response. We therefore asked whether the humoral response could be altered by CD8
ϩ cell depletion at an adult age. FrCas E -infected, 667-treated mice were consequently treated with the 169.4 MAb from weeks 3 to 8 after birth and reinfected by FrCas E just at the end of the treatment (Fig. 1D) . Despite an enhanced stimulation (twofold) of the anti-FrCas E humoral response (Fig. 2C) , this treatment led to fast death of these mice compared to what was seen for nonchallenged infected/treated/depleted animals (Fig. 1F) , further strengthening the role of CD8 ϩ cells in antiviral protection. In vivo cytotoxic activity against FrCas E -infected splenocytes in infected/treated/nondepleted mice. A reasonable explanation for leukemia induction in the CD8 ϩ cell depletion experiments presented in Fig. 1D to F is the elimination of CTL activity against FrCas E -infected cells. However, various cell types other than CTLs also express CD8 at their surfaces. These include (i) certain T-cell precursors, (ii) regulatory T cells (10), (iii) subsets of natural killers (NK) and natural killer T cells (55, 57) , and (iv) subsets of dendritic cells (58, 59). As a first step to establish a role for CTLs in antiviral protection, we addressed whether infected/treated/nondepleted mice showed a cytotoxic activity specifically directed against FrCas Einfected splenocytes, as the spleen is a major organ for FrCas E replication. Since the infection of splenocytes by FrCas E is maximal at 7 days postinfection, with 50 to 60% of them expressing retroviral Env at their surfaces (24) , such infected spleen cells were used as targets in in vivo cytoxicity assays in 2-month-old mice, as described in Materials and Methods and in the legend to Fig. 3 . Three experiments including four mice each were conducted. Typical flow cytometry analyses for 2 control and 2 infected/treated/nondepleted mice are presented in Fig. 3A , and the means of lytic activities, estimated from the percentage of lysed cells in the 12 animals of each group, are shown in Fig. 3B . A basal cytolytic activity against FrCas Einfected splenocytes was observed for control animals. This basal activity is visible in the mice of Fig. 3A , as the CFSE high splenocytes represented 47 and 48% of the remaining grafted splenocytes in animals 1 and 2, respectively, in an experiment where the ratio of the adoptively transferred CFSE high versus CFSE low cells was 46:54 before grafting. The mean cytolytic activity, as measured by the fraction of infected cells disappearing during the experiment, was 3% Ϯ 0.5% in this group of mice. In contrast, cytolysis was much more efficient in infected/ treated/nondepleted mice, as (i) the CFSE high splenocytes represented only 11 and 24% of the remaining grafted splenocytes in infected/treated/nondepleted recipient mice 1 and 2 of Fig.  3A , respectively, and (ii) the mean of infected cell cytolysis was 57.8% Ϯ 7.7% in this group of animals (Fig. 3B) . Thus, infected/treated/nondepleted animals show a clear cytolytic activity specifically directed against FrCas E -infected cells. In vivo CTL activity against GagL epitope-presenting splenocytes in infected/treated/nondepleted mice. We then had to demonstrate formally the contribution of CTLs to the in vivo cytolysis of infected splenocytes in infected/treated/nondepleted mice. CTLs recognize their cognate antigenic peptides presented by major histocompatibility complex (MHC) class I molecules at the surfaces of target cells via their T-cell receptors. We therefore assessed whether splenocytes taken from naive mice and loaded in vitro with an MHC class I-restricted murine leukemia virus (MuLV)-specific antigenic peptide would be killed more efficiently after grafting into infected infected/treated/nondepleted mice than after grafting into naive mice. To our knowledge, the GagL CTL epitope is the only H-2D b -restricted antigenic peptide that has been described in terms of its ability to drive the cytolysis of cells infected by a variety of MuLVs (8) . It is derived from the leader region of the glycosylated transmembrane form of the Gag polyprotein (gPr80 gag ) expressed by infected cells but poorly incorporated (if at all) into viral particles. gPr80 gag has no reported discernible function for MuLV replication but is necessary for the efficient spreading and pathogenesis of MuLVs in vivo (11) . Specific in vivo CTL activity was assayed as described in Ma-
FIG. 3. In vivo cytolytic activity against FrCas
E -infected splenocytes in infected/treated/nondepleted mice. Splenocytes were prepared either from control noninfected mice or from infected mice (see Materials and Methods) and labeled with 1ϫ or 10ϫ CFSE, respectively. They were then mixed in an approximately 1:1 ratio and administered intravenously to either naive (control) or infected/treated/nondepleted mice (2 months old). Sixteen hours later, splenocytes from grafted mice were purified and analyzed by flow cytometry to determine the intensity of CFSE labeling. A reduction of 10ϫ CFSE-labeled cells in infected/treated/nondepleted mice, but not in control mice, is indicative of cytotoxic activity against infected splenocytes. (A) Flow cytometry analysis. Two representative control and two representative infected/treated/nondepleted mice are presented. Splenocytes were analyzed for CFSE fluorescence as described in Materials and Methods. (B) Statistical representation of the data. Each histogram corresponds to an analysis of 12 mice. The cytotoxic activity against infected splenocytes was calculated from the ratio of CFSE high /CFSE low cells 16 h after adoptive transfer corrected by the CFSE high /CFSE low ratio assayed before grafting cells into recipient mice. Error bars correspond to the standard deviation.
terials and Methods and in the legend for Fig. 4 after the grafting of a mixture of splenocytes from a naive mouse previously loaded with either the GagL peptide or a control peptide (np306-404, which is derived from the LCMV NP and also binds H-2D b MHC class I molecules [21] ) to infected/treated/ nondepleted and infected/treated/depleted mice. Three experiments including four mice each were conducted. Typical analyses for two control and two infected/treated/nondepleted FIG. 4 . In vivo CTL activity against GagL peptide-presenting splenocytes in infected/treated/nondepleted mice. Splenocytes were prepared from noninfected mice and either (i) loaded with the GagL peptide and labeled with 10ϫ CFSE or (ii) loaded with the np396-404 LCMV NP-derived peptide and labeled with 1ϫ CFSE. The two populations were then mixed in an approximately 1:1 ratio and administered intravenously to either naive (control) or infected/treated/nondepleted 2-month-old mice. Sixteen hours later, splenocytes from grafted mice were purified and analyzed by flow cytometry for CFSE fluorescence. A reduction of 10ϫ CFSE-labeled cells in infected/treated/nondepleted mice but not in control mice is indicative of CTL activity against infected splenocytes. (A) Flow cytometry analysis. Two representative control and two representative infected/treated/nondepleted mice are presented. Splenocytes were analyzed for CFSE fluorescence as described in Materials and Methods. (B) Statistical representation of data. The histograms correspond to the analyses of 12 mice each. The CTL activity against GagL-loaded splenocytes was calculated from the ratio of CFSE high /CFSE low cells 16 h after adoptive transfer corrected by the CFSE high /CFSE low ratio assayed before grafting cells into the recipient mice. Error bars correspond to the standard deviation.
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on September 12, 2017 by guest http://jvi.asm.org/ mice are presented in Fig. 4A . The means of lytic activities, estimated from the percentages of lysed cells in the 12 animals of each group, are shown in Fig. 4B . An average basal 4% Ϯ 1% cytolytic activity (Fig. 4B ) against splenocytes loaded with the GagL peptide was measured for control noninfected/nontreated/nondepleted mice (6 and 1% in the two control mice for which results are presented in Fig. 4A ). The fraction of the same cells that was lysed in infected/treated/nondepleted animals was dramatically higher (26 and 41% in the two infected/ treated/nondepleted mice of Fig. 4A ) with an average cytolysis activity of 30.2% Ϯ 6.6% (Fig. 4B) . Thus, FrCas E -infected, 667-treated mice display a strong CTL activity directed against cells presenting the H-2D b -restricted GagL antigenic peptide.
DISCUSSION
Previously, we described the emergence of a strong longlasting endogenous neutralizing humoral response that follows a short period of 667 immunotherapy of mice infected neonatally with a high FrCas E inoculum (24, 25) . Here, we report that this antibody response is complemented by a CTL activity that is necessary for the long-term protection of mice against FrCas E -induced leukemia.
CD8
؉ cell ablation in infected/treated neonates does not affect protection against neurodegeneration but leads to the development of leukemia. If FrCas E is inoculated into neonates older than 5 or 6 days, no neurodegeneration occurs (12; unpublished data). Moreover, the intracranial implantation of infected neuroglial cells later than day 10 after birth induces neuropathological effects (36) . This indicates that the resistance of the CNS to infection after day 5 or 6 lies essentially at the blood-brain barrier. In turn, this suggests that diminishing viral propagation by 667 should be sufficient on its own to maintain a viremia below the critical level necessary for the entry of FrCas E into the brain and prevent neurodegeneration. Our data in Fig. 1A to C are consistent with this hypothesis, as the efficient depletion of CD8 ϩ cells in infected/treated neonates did not lead to any neurodegeneration. Strikingly, all infected/treated neonates depleted of CD8 ϩ cells shortly after infection developed the characteristic FrCas E -induced leukemia. However, it is not clear whether this pathology developed because of the absence of CD8 ϩ cells during the neonatal period, during adulthood, or during both periods, as the CD8 ϩ cell depletion extended far beyond the period of anti-CD8 MAb administration. Several nonexclusive explanations may account for leukemia development. First, the lower numbers of CD8 ϩ cells at adulthood might be associated with low CTL activity, which would prevent the elimination of infected and leukemic cells (also see below). Second, CD8 is not expressed just on CTLs but also on other immune cells. These include dendritic cells, which are at the origin of any adaptive immune response, and CD4 ϩ /CD8 ϩ double-positive thymocytes, which are the precursors of both helper T cells and CTLs. This must be taken into consideration because the anti-CD8 MAb administration was performed during the most intense period of immune system development (also see below). However, should these two cell populations be affected, it is clear that they are not totally ablated, as (i) CD4 ϩ cell development is not detectably affected, as shown by cytometry analysis (Fig.   1B) ; and (ii) a humoral anti-FrCas E immune response can develop in infected/treated/depleted mice (Fig. 2 ).
An essential cytotoxic activity contributes to antiviral protection in adult infected/treated animals. The administration of an anti-CD8 MAb to infected/treated mice at adult age (i.e., after the endogenous anti-FrCasE immunity has been mounted and after 667 has been cleared due to its limited life span) was accompanied by the efficient depletion of CD8 ϩ T cells and led to the development of leukemia in all cases (Fig.  1D to F) . Importantly, neutralization activity was maintained in infected/treated/depleted mice, and total anti-FrCas E antibody levels were even increased. Why neutralization activity did not increase correlatively with antibody titers is unclear. Whatever the mechanisms involved, this indicated that leukemogenesis cannot be explained by a reduction in the activity of anti-FrCas E humoral response. Moreover, adult infected/treated/nondepleted animals showed a strong cytolytic activity against splenocytes either infected by FrCas E or loaded with the MHC class I-restricted GagL antigenic peptide. Altogether, these data suggest that a CTL activity against FrCas Einfected cells plays a crucial role in the long-term antiviral protection that develops in neonatally infected/treated mice.
Even though our data demonstrate a CTL activity against FrCas E -infected cells in adult infected/treated mice, they do not rule out the possibility that other cells displaying CD8 might also contribute to long-term antiviral protection. It is noteworthy that the efficiency of elimination of infected splenocytes was double that of GagL peptide-loaded splenocytes in our in vivo cytolysis assays (see Fig. 3 and 4) . It therefore would be interesting to investigate whether NK cells also play a role in the antiviral protection observed for infected/treated mice. As (i) Env is expressed by infected cells and (ii) high titers of anti-Env antibodies are found for infected/ treated animals, antibody-dependent T-cell cytolysis would constitute a plausible mechanism, although antibody-independent contributions might be possible as well.
Infection by FV is the most extensively studied model for the analysis of antiretroviral immune responses in adult mice, including in immunotherapeutic and vaccination contexts (see references 14, 29, and 30) . Even though FV is a retroviral complex and is more aggressive than FrCas E , it is worth comparing the two models. Interestingly, Hasenkrug et al. have reported that a CTL response is indispensable for protection against FV-induced leukemia in mice treated by passive MAbbased immunotherapy (27) . However, there were significant biological and technical differences between their setting and ours. The first important difference relates to the immunological status of the animals used. Our experiments were conducted in the context of the developing immune system, whereas in the FV system, experiments were carried out in adult animals with an already mature immune system. Moreover, in the FV model, mice were unable to mount an antibody response due to a genetic defect. Therefore, although the MAb was administered for a long period (several weeks versus several days in our case) and provided humoral protection, that work did not address whether an endogenous polyclonal humoral response could compensate for the loss of CTL activity upon CD8 ϩ cell depletion. In contrast, we clearly show here that high antibody titers previously shown to display high neutralization and complement-dependent cytolysis activities (24, 25) were not sufficient to protect infected/treated mice against FrCas E -induced leukemia. The second important difference lies in the design of the experiments. First, in the FV experiments, passive immunotherapy was started later (10 days postinfection versus several hours for FrCas E up to a maximum of 2 days postinfection [see reference 24] ). This implies that viremia could reach high titers for at least a few days in the FV model, whereas it was contained to a moderate level and was rapidly blocked below the detection threshold in the case of FrCas E (24) . Consequently, in the initial phase of the FV experiments, the immune system of the mice was stimulated by much higher levels of viral antigens under conditions for which virus-antibody complexes cannot form (also see below) due to the lack of a cognate antibody. Second, CD8
ϩ cell depletion was started before infection in the case of FV infection, whereas in our experiments, depletion was conducted after antiviral immunity had been installed in FrCas E -infected, 667-treated mice. Immune cell homeostases in the two experimental settings were therefore different at the moments of both infection and administration of passive immunotherapy. Thus, the results of the FV and FrCas E studies give complementary indications in terms of the potential therapeutic applications of MAb-based immunotherapy. The former study indicates that the development of a CTL response must not be impeded in viremic individuals that will be subjected to passive immunotherapy. In contrast, the latter study indicates that the CTL response that has been established after immunotherapy must not be abrogated even though treated individuals have mounted a strong and sustained antiviral polyclonal humoral response. As the conditions of induction of the CTL responses were different in many respects in the two experimental systems, it will now be important to compare them in terms of strength, antigenic specificity, and duration.
Even though the immediate and major action of 667 is clearly the prevention of neurodegeneration by diminishing viral spread in the early stages of the immunotherapy, an important question is whether this MAb may also have other actions in FrCas E -infected, 667-treated neonates, as these animals develop a long-lasting antiviral response persisting long after 667 has disappeared. A first possibility is that reduced viremia may give sufficient time for the endogenous immune system of treated mice to react against FrCas E , whereas that of nontreated mice would be overwhelmed. Secondly, there is increasing evidence that tolerance is not an intrinsic property of the newborn immune system. Depending on (i) the antigen, (ii) the antigen-presenting cells involved, and (iii) the experimental conditions, neonates may acquire immunity against pathogens (3). It is therefore possible that 667, through the formation of immune complexes with FrCas E , accelerates and/or strengthens the antiviral response via better stimulation of professional antigen-presenting cells. Supporting this idea, cross-linked immune complexes dramatically improve antigen presentation after binding to signal-inducing Fc receptors compared to what is seen for other modes of antigen capture (13) . Experiments are currently under way to test this hypothesis with infected/treated mice.
Finally, it is important to underline that the FrCas E infection model used here is reminiscent of perinatal or breastfeeding contamination of human children by mothers infected by viruses such as HIV, as initial virus propagation occurs during the period of immunocompetence acquisition. Therefore, our work potentially opens new therapeutic perspectives, as it indicates that short-period neutralizing MAb-based immunotherapies given shortly after the infection of young individuals may be associated not only with the emergence of neutralizing antiviral antibodies (24, 25) but also with that of CTLs specific for virus-infected cells.
